Repeated semen specimens from healthy men were analyzed by sperm fluorescence in situ hybridization (FISH), to identify men who consistently produced elevated frequencies of aneuploid sperm and to determine whether men who were identified as stable variants of sperm aneuploidy also exhibited higher frequencies of aneuploidy in their peripheral blood lymphocytes. Seven semen specimens were provided by each of 15 men over a 2-year period and were evaluated by the X-Y-8 multicolor sperm FISH method (i.e., ∼1,050,000 sperm were analyzed from 105 specimens). Three men were identified as stable aneuploidy variants producing significantly higher frequencies of XY, disomy X, disomy Y, disomy 8, and/or diploid sperm over time. In addition, one man and three men were identified as sperm-morphology and sperm-motility variants, respectively. Strong correlations were found between the frequencies of sperm with autosomal and sex-chromosome aneuploidies and between the two types of meiosis II diploidy; but not between sperm aneuploidy and semen quality. A significant association was found between the frequencies of sex-chromosome aneuploidies in sperm and lymphocytes in a subset of 10 men ( , 2 r p 0.67 P p ), especially between XY sperm and sex-chromosome aneuploidy in lymphocytes ( , ). These 2 .004 r p 0.70 P p .003 findings suggest that certain apparently healthy men can produce significantly higher frequencies of both aneuploid sperm and lymphocytes. Serious long-term somatic and reproductive health consequences may include increased risks of aneuploidy-related somatic diseases and of having children with paternally transmitted aneuploidies, such as Klinefelter, Turner, triple-X, and XYY syndromes.
Introduction
It is well known that aneuploidy can have major detrimental health consequences when it occurs in either germinal or somatic cells (reviewed by Hassold and Hunt 2001) . Germinal aneuploidies, a major cause of pregnancy loss, aneuploid births, and developmental defects , are thought to arise de novo, through meiotic errors in the germ cells of either parent, or mitotically, shortly after fertilization. The resulting embryos typically die early during development, at times that generally correspond to the specific chromosome affected. Only a few aneuploidies survive to birth (i.e., trisomy 21, trisomy 13, trisomy 18, triple X, XO, XXY, and XYY). Although advanced maternal age is known to be a primary risk factor for transmitted aneuploidy, less is known about paternal risk factors (Wyrobek et ᭧ 2002 by The American Society of Human Genetics. All rights reserved. 0002-9297/2002/7006-0013$15.00 al. 1996) . Several paternal risk factors for sperm aneuploidy have been described, including advanced age (Griffin et al. 1995; Lowe et al. 1995; Robbins et al. 1995; Kinakin et al. 1997; Lowe et al. 2001) , cancer chemotherapy (Robbins 1996 (Robbins , 1997a De Mas et al. 2001; Marchetti et al. 2001) , suicide attempts by use of high-dose diazepam (Baumgartner et al. 2001) , cigarette smoking (Robbins et al. 1997b; Rubes et al. 1998; Harkonen et al. 1999; Shi et al. 2001) , and exposure to air pollution (Robbins et al. 1999) .
By use of the hamster-egg method and FISH cytogenetics, it has been shown that healthy individuals generally exhibit low baseline frequencies of aneuploidy in their sperm (e.g., see Brandriff and Gordon 1990; Martin and Rademaker 1990; Robbins et al. 1995) . Despite numerous reports showing (1) that there is interchromosomal and interindividual variability in the baseline frequencies of specific sperm aneuploidies and (2) that some men may have significantly higher frequencies for some aneuploidies than for others (reviewed by Sloter et al. 2000; Shi and Martin 2000a) , very few studies have actually evaluated multiple semen samples from the same individuals to determine whether the observed variations are due to technical factors or sporadic events in individuals or are time-stable characteristics of the individuals. The paucity of data on repeated semen samples has made it difficult to estimate the prevalence of men who consistently exhibit increased frequencies of sperm aneuploidy-that is, who are "stable" variants. For example, Robbins et al. (1995) identified 1 variant man among 10 with increased disomy Y, on the basis of three specimens. Thus, the first objective of our study was to determine whether repeated specimens from healthy normospermic young men could be used to identify stable variants of sperm aneuploidy. Somatic aneuploidy has also been associated with serious health consequences. For example, aneuploidy is considered to be a critical event in the latter stages of the progression of certain cancers (Duesberg et al. 1999; Duesberg and Rasnick 2000; Sen 2000) . However, it is not known whether there are constitutive genetic susceptibilities for increased frequencies of aneuploidy and whether such susceptibilities affect both germ cells and somatic cells. Therefore, the second objective of our study was to determine whether men with consistently elevated frequencies of sperm aneuploidy also exhibit an increased incidence of malsegregation in their somatic cells-specifically, in their lymphocytes. Accordingly, a multicolor FISH procedure that employs the same probes for chromosomes X, Y, and 8 was applied to both peripheral lymphocytes and sperm, so that potential correlations between sex-chromosome and autosomal aneuploidy frequencies could be examined in both tissue types.
Patients, Material, and Methods

Semen Collection
A male reproductive-health study was conducted during 1995-97 that involved collection of serial semen samples from 37 men. These men were 20 or 21 years of age at the start of the study and were a subset of men originally recruited for a study of the effect of air pollution, sponsored by the Czech Ministry of the Environment and the U.S. Environmental Protection Agency. All the donors provided their written informed consent and completed a questionnaire concerning their health, medication, lifestyle (e.g., smoking and alcohol and coffee consumption), and exposure to potential reproductive toxicants (e.g., solvents, pesticides, and metals), with emphasis on the 3 mo prior to providing their specimens. The study protocol was reviewed and approved by the institutional review boards of the Czech Academy of Sciences and the University of California's Lawrence Livermore National Laboratory. The donors lived in the same community and provided samples in the same windows of time. Of the 37 men who started the longitudinal study, 22 gave seven semen samples each. Seven of these men were eliminated because of heavy smoking (у20 cigarettes/day), or because they had undergone some drug treatment during the two years of the followup. The remaining 15 men were healthy when examined on entry into the study, did not report drug use or occupational exposure, and declared themselves to be either nonsmokers ( ) or light-to-moderate smokers n p 7 (!1 pack/day; ). Semen specimens were provided n p 8 by each man in September 1995; in January, February, March, and September 1996; and in February and September 1997.
Semen Processing
Semen specimens were provided by masturbation into clean glass containers (Kavalier) in a private room located at the Regional Institute of Hygiene. The semen was allowed to liquefy at room temperature and then was analyzed within 1 h of collection, according to standard procedures (World Health Organization [WHO] 1992; Selevan et al. 2000) . Semen volume, sperm concentration, and total sperm count, as well as percentages of motile and morphologically normal sperm, were assessed. The remaining semen was loaded into straws, was snap frozen on dry ice, and was stored frozen at Ϫ80ЊC without any cryoprotectives. For the FISH assay, straws were thawed at room temperature, and semen was smeared onto clean microscopic slides and was allowed to air dry. Sperm nuclei were decondensed as described by Robbins et al. (1993) and were hybridized immediately.
Sperm FISH
A multicolor FISH assay was performed by use of chromosome-specific a-satellite DNA probes, for chromosomes X and 8, and satellite III DNA probe, for chromosome Y (Vysis), as adapted from our previous method (Rubes et al. 1998 ). This method allows for an accurate distinction between disomic and diploid sperm nuclei, nullisomic, and nonhybridizing spermatozoa, and meiosis I and meiosis II errors in sex-chromosome aneuploidy and diploidy. The probe for chromosome X was labeled with Spectrum green and that for chromosome Y was labeled with Spectrum orange. A 1:1 mixture of probes for chromosome 8 labeled with Spectrum orange and Spectrum green was used to obtain a yellow signal when examined with a dual red-green or triple red-greenblue band-pass filters. The slides were denatured in 70% formamide/2# saline sodium citrate (SSC) (pH 7.2) at 72ЊC for 4 min, were dehydrated in an ethanol series, and were air-dried. The hybridization mixture containing centromeric enumeration probe hybridization buffer (Vysis) and the probes were denatured at 72ЊC for 5 min and were immediately chilled on ice. A 10-ml sample of the mixture was applied onto the slide, covered with a 24#24 mm 2 cover slip, and sealed with rubber cement. The slides were incubated in a humidified chamber at 37ЊC overnight. After hybridization, the slides were washed for 10 min in 50% formamide/2# SSC (pH 7.2) at 45ЊC, for 10 min in 2# SSC at 45ЊC, and for 10 min in 2# SSC at room temperature, and the preparations were mounted by use of the antifade solution (Vector Laboratories) containing 0.1 mg/ml 4 ,6-diamidino-2-phenylindole (DAPI) (Sigma).
Sperm Scoring under the Microscope
All scoring was performed on coded, randomly ordered slides. At least 10,000 spermatozoa were scored per sample (∼70,000 spermatozoa per donor). The slides were examined using an Olympus BX60 fluorescence microscope equipped with a fluorescein isothiocyanate/ propidium iodide (FITC/PI) dual and DAPI/FITC/Texas Red triple-band-pass filters, and phase-contrast optics. It is generally accepted that strict scoring criteria are important for the valid determination of sperm aneuploidy (Robbins et al. 1993; . In our study, we evaluated a minimum of 10,000 sperm per semen specimen, using strict scoring criteria that we previously validated against human-sperm/hamster-egg data (Robbins et al. 1993 ). According to our criteria, sperm nuclei were scored only if they were intact, were not overlapped, were not overdecondensed, and were in a well-hybridized area of the slide. The sperm was identified as disomic when the two fluorescence domains of the same color comparable in size and intensity were separated by a distance of at least one domain, were not connected by fluorescent threads, and were similar (in size and intensity) to those in neighboring cells. Because of the larger size of the Y domain, two Y domains in cells being scored as disomic had to be separated by a distance corresponding to the absolute separations between domains in X-X and 8-8 cells on the same slide. Diploid spermatozoa were discriminated from somatic cells or two overlapping spermatozoa by use of phasecontrast optics under which sperm tails and cell borders could be easily recognized.
Blood Collection and Processing
Ten donors were selected for lymphocyte analyses: four sperm variants (i.e., those with the four highest statistically significant elevations in frequencies of aneuploid or diploid sperm) plus six men with consistently lower (and more typical) levels of sperm aneuploidy. A single blood specimen was drawn from each of these 10 men on the same day that their final semen sample was provided. One milliliter of blood was added to 10 ml of the culture medium RPMI 1640 (Sevapharma) supplemented with 20% fetal calf serum, phytohemagglutinin (Murex Biotech) and L-glutamine (Sevac). The cultures were harvested after 48 h of incubation. Colchicine (Fluka Chemie GmbH) was added to a final concentration of 0.5 mg/ml for 1 h before the end of the incu-
Figure 1
Box plots for comparing the within-person distributions of aggregate frequencies of sperm carrying any of the numerical abnormalities detected by the X-Y-8 sperm method FISH among the 15 men of the study, on the basis of seven samples per donor collected over a 2-year period. The aggregate frequency is the sum of the four aneuploidy and three diploidy categories detected by the X-Y-8 FISH sperm method (see "Patients, Materials, and Methods" section). The vertical height of each box represents the 25%-75% data range, the horizontal line within each box represents the median value, and the upper and lower extensions represent the largest and smallest values that were determined to not be outlier specimen among the seven specimens for each donor. Among the 105 specimens in this study, 4 were considered to be either of two types of outliers: unblackened circles (⅜) denote simple outliers, individual sperm specimens whose frequency of abnormal sperm fell 11.5 box lengths from the 25th percentile of the distribution for the seven specimens evaluated per donor, whereas an asterisk (*) denotes an extreme outlier, an individual specimen whose frequency of abnormal sperm fell 13 box lengths from the 25th percentile of the distribution for the seven specimens evaluated per donor.
bation. Slides were prepared using the air-dry method (Verma and Babu 1989) and were stored at Ϫ20ЊC for FISH.
Lymphocyte FISH
The multicolor three-chromosome FISH protocol, including the DNA probes and scoring criteria, was the same as that used for sperm, except that the decondensation step was omitted for lymphocytes. All slides were coded and randomized prior to analysis. The scoring was done by the same person who scored the sperm slide.
For each donor, ∼5,000 interphase lymphocytes and 200 metaphases were examined. The findings in metaphase and interphase cells were pooled to calculate the frequency of aneuploid lymphocytes for each donor.
Statistical Analysis
All statistical analyses were performed by SPSS version 10.1 for Windows software package (SPSS) and the statistical package STATA (Hamilton 1998) . The frequencies of aneuploidy and diploidy for the chromosomal outcomes were generally not normally distributed and required square-root transformations for all parametric tests. Repeated measures analysis was conducted to ascertain whether any of these outcomes changed in association with collection cycle (1-7) or season of sampling, since our previous study found an association between exposure to seasonal air pollution and increased YY disomy (Robbins et al. 1999) . No significant associations were found. Analysis of variance was then applied to assess differences in the mean frequency of aneuploid sperm category and interindividual variability. The Kendall's tau b correlation coefficient was used to determine whether there were associations between categories of sperm disomy and diploidy. Simple linear regression was used to evaluate within-donor relationships between the frequencies of lymphocytes carrying somatic or sex-chromosome trisomy versus the frequency of sperm carrying somatic or sex-chromosome aneuploidy.
Results
Seven semen specimens that were provided by each of 15 healthy men over a 2-year period (105 total specimens) were analyzed for semen quality by conventional parameters (semen volume, sperm concentration, total sperm count, motility, and morphology) and for sperm aneuploidy by multicolor FISH (tables 1 and 2). Semen quality among the 15 men was generally within the WHO reference ranges for normospermic men (WHO 1999): average sperm concentrations ranged from 62 # 10 6 to 177 # 10 6 per ml, total count from 161 to 724 # 10 6 per specimen, and all but two men averaged 150% motile sperm (table 1) . When strict microscopic scoring criteria for sperm-head morphology were used (WHO 1992), the study group showed an average ‫ע(‬ SD) of 27.1 ‫ע‬ 7.7% sperm with normal sperm-head morphology, which was very similar to the overall 27.3 ‫ע‬ 7.4% established for entire group of the 37 young healthy men who started the longitudinal study (Rubes et al., unpublished data) . All men were 20 or 21 years old at the beginning of the study. Of the men, 10 were of untested fertility, and 5 were reported to have fathered at least one child. For each semen-quality parameter, we calculated the study mean, its overall coefficient of variation (CV), and estimated among-and within-donor contributions to variation. The CVs of the semen-quality parameters ranged from ∼27% to ∼69%, and there was little difference between amongand within-donor variation. One sperm-morphology outlier (donor 14) and three sperm-motility outliers (donors 8, 9, and 15) were identified as variants, defined as in the legend to figure 1.
Each of the 105 semen specimens was evaluated for the frequencies of sperm carrying abnormalities in chro-
Figure 2
Within-donor distributions of frequencies of various categories of aneuploid sperm that were detected by the X-Y-8 sperm FISH method (see the legend to fig. 1 ). Total disomy is the sum of the frequencies of sperm carrying disomy X, Y, and 8 and the frequency of XY sperm. Total sex disomy is the sum of the frequencies of disomy X, disomy Y, and XY sperm. mosome number (table 2) using the multicolor X-Y-8 sperm FISH method, which detects four categories of sperm aneuploidies (XY sperm plus sperm that are disomic for chromosomes X, Y, and 8) and three categories of sperm diploidies (two categories of meiosis II [MII] diploidy plus one category of meiosis I [MI] diploidy) (table 2). Comparisons of the distributions of aggregate frequencies of numerically abnormal sperm ( fig. 1) showed significant approximately six-fold range of variation among the 15 men, from ∼9 to ∼51 abnormal cells per 10,000 cells (table 2); donors 5, 12, and 13 showed the highest aggregate frequencies of abnormal cells. There were significant among-donor variations ( ) for each category of aneuploid sperm P ! .001 ( fig. 2) and diploid sperm (fig. 3 ). This remained true when individual outlier males were removed for each category except disomy X, in which among-donor variation changed to nonsignificant when the outlier (donor 12) was removed.
For each category of sperm chromosomal abnormality, we calculated the mean frequency across all study specimens, its CV, estimated the between-donor and within-donor contributions, and used these to identify males who were consistent outliers ( fig. 4) . For the sperm disomies 8, X, and Y and for XY sperm, group means ranged from ∼1 to 5 per 10,000 sperm, and CVs ranged from ∼47% to 75%. For the sperm diploidies MI and MII, group means ranged from ∼1 to 6 per 10,000 sperm, and CVs ranged from ∼61% to 211%. "Stable variants" were defined as men who consistently produced significantly higher frequencies of aneuploid or diploid sperm over a 2-year period, in contrast to the rest of the men in the study. Two statistical methods were used: Z score and outliers on a box-plot analysis ( fig. 4) . Three donors were identified as stable variants of sperm aneuploidy: donor 13 for disomy 8, donor 12 for disomy X, and donor 5 for XY sperm. Donor 13 was identified as a stable variant for all three categories of sperm diploidy. Donor 1 was identified as a borderline variant for YY88 diploidy (fig. 4) .
Associations among Sperm Endpoints
Correlation analyses were performed to determine whether there might be possible common underlying mechanisms among the different sperm chromosomal aneuploidies. As shown in table 3, we found several significant associations. The frequencies of sperm car-
Figure 3
Within-donor distributions of frequencies for the three categories of diploid sperm detected by the X-Y-8 sperm FISH method. Meiosis I diploidy refers to the frequency of sperm with the genotype X-Y-8-8, which is expected to arise as errors in the first meiotic division (MI). Meiosis II diploidies refer to the frequencies of sperm with the genotypes X-X-8-8 and Y-Y-8-8, both of which are expected to arise as errors in the second meiotic division (MII). Total diploidy is the sum of the frequencies of MI and MII sperm diploidies.
Figure 4
Distributions of frequencies of aneuploid and diploid sperm among donors. The numbered data points represent the identity code for the category-specific outliers (i.e., stable variants). See the legend to figure 1. rying disomy 8 were correlated ( ) with the fre-P p .01 quency of sperm carrying any sex-chromosome aneuploidy (sum of disomy X, disomy Y, and XY sperm). Disomy 8 was also highly correlated ( ) with P p .001 total diploidy (sum of XX88, YY88, and XY88) as well as with all three subcategories of sperm diploidy (P p , , and , respectively) In addition, .005 P p .005 P p .009 there was a significant correlation between the two categories of meiosis II diploidies ( ), but there was P p .006 a trend only between disomy X and Y ( ), which P p .06 were also meiosis II errors. No evidence was found for associations between disomy 8 and the individual sexchromosome aneuploidies, nor between meiosis I and II diploidies, nor between sex-chromosome aneuploidies and diploidies. Also, no stable trends for associations were noted between aneuploidy and smoking status or between any of the aneuploidy outcomes and alcohol or caffeine across the seven collection cycles. No consistent associations were found between the frequency of chromosomally abnormal sperm (aggregate frequency, individual category of aneuploidies, and individual categories of sperm diploidies) and sperm quality (sperm concentration, motility, and morphology) with one exception. The numbers of sperm (both concentration and total) were significantly correlated with the frequency of sperm with disomy 8 (data not shown;
). P ! .05
Sperm and Lymphocyte Comparison Study of a Subset of 10 Men
A nested study of a subset of 10 men was undertaken to determine whether there were associations between the frequencies of numerical chromosomal abnormalities in sperm and peripheral blood lymphocytes. The 10 donors were selected on the basis of their initial sperm FISH analyses (table 2): 6 donors with sperm abnormality values within the normal ranges and 4 variants (donor 5 for XY sperm, donor 12 for disomy X, donor 1 for YY88 diploidy, and donor 13 with generalized increase in several categories). Conventional karyotypic analyses of blood lymphocytes confirmed that all the donors were 46,XY. Since the number of metaphases examined in routine chromosomal analyses of peripheral lymphocytes was too low for the detection of low-level aneuploidies, this anal- ysis was expanded to include ∼5,000 interphase cells per donor (table 4) . Significant interdonor variations were observed in the frequencies of lymphocytes carrying disomy Y (range 0%-0.25%), disomy X (range 0%-0.13%), and trisomy 8 (range 0%-0.10%). The overall frequency of triploid or tetraploid lymphocytes was 0.011%, which is significantly lower ( ) than the P ! .01 proportion of diploid sperm (0.094%).
There was a significant correlation between the aggregate frequency of aneuploidy in sperm and lymphocytes ( , ). On inspection, this corre-2 r p 0.50 P p .02 lation was not due to an association between disomy 8 in sperm and trisomy 8 in lymphocytes. Rather, it was due to a highly significant correlation for sex-chromosome aneuploidies in sperm and lymphocytes (top, fig.  5 ) ( , ) . Post hoc analyses of the in-2 r p 0.67 P p .004 dividual sex-chromosome categories showed no evidence of a correlation between sperm disomy X or Y versus sex-chromosome aneuploidy in lymphocytes, suggesting that mechanisms related to meiosis II errors were not involved. However, there was a significant correlation between XY sperm and sex-chromosome aneuploidy in lymphocytes (bottom, fig. 5 ) ( , ), sug-2 r p 0.70 P p .003 gesting that mechanism(s) underlying somatic and germinal malsegregation may be associated.
Discussion
Analysis of repeated semen specimens from 15 healthy donors over a 2-year period (7 specimens each) identified at least 3 men who were stable variants (outliers) for sperm aneuploidies and/or diploidies. A significant association was found between the frequencies of sex-chromosome aneuploidy in sperm (primarily MI errors) and in lymphocytes. These findings suggest that there are certain men with constitutive factors that can elevate the frequencies of both somatic and germinal aneuploidy, even for individuals who are otherwise apparently healthy and of normal fertility status.
The baseline frequencies of sperm aneuploidy among the group of 15 men compares favorably with the literature for normal healthy men. Shi and Martin (2000a) surveyed prior studies covering millions of sperm from ∼500 normal men and calculated frequencies of sperm with autosomal and sex-chromosome disomies of 0.15% and 0.26%, respectively. However, it is well known that there is substantial technical variation among labs (different methods, scoring criteria, probes, etc.), which may undermine the relevance of frequency estimates based on cross-laboratory data . Sperm FISH scoring criteria used in the present study were calibrated by use of sperm cytogenetic data with the human-sperm/hamster-egg cytogenetic
Figure 5
Relationships between the frequencies of aneuploid somatic and germinal cells. Top, Within-donor relationship between the frequencies of lymphocytes carrying sex-chromosome trisomy versus the frequency of sperm carrying sex-chromosome aneuploidyaneuploidy for ten donors ( , ). The intercept and the 2 r p 0.665 P p .004 slope of the regression line are Ϫ0.3 (95% CI Ϫ1.3-0.7) and 1.5 (95% CI 0.6-2.3), respectively. Bottom, Within-donor relationship between the frequencies of lymphocytes carrying sex-chromosome trisomy and the frequency of XY sperm for ten donors ( ,
2 r p 0.697 P p .003 The intercept and the slope of the regression line are 0.3 (95% CI Ϫ0.4-1) and 1.9 (95% CI 0.9-3), respectively. All the data points fall well within the 95% CI for the regression lines. Frequencies are per 1,000 cells.
technique (Brandriff and Gordon 1990; Robbins et al. 1993 Robbins et al. , 1995 . The calibrated frequencies are typically lower than those reported by other sperm-FISH laboratories. Thus, the 0.02% frequency of sperm with disomy 8 (0.003%-0.05%) is consistent with our previous reports that used these calibrated scoring criteria (Robbins et al. 1995; Van Hummelen et al. 1996; Rubes et al. 1998) . Also, the 0.1% frequency of sperm with sex disomies (0.05 to 0.2) is consistent with prior reports from our laboratory (Robbins et al. 1995; Van Hummelen et al. 1997) and from others (Griffin et al. 1995; Abruzzo et al. 1996; Downie et al. 1997; Baumgartner et al. 1999; Pang et al. 1999) .
The use of repeated semen specimens yielded the statistical power to detect significant variation among normal men and to identify stable variants of sperm aneuploidy and diploidy. Although prior studies have also reported interindividual variations in the frequency of sperm aneuploidies (Martin et al. 1994; Spriggs et al. 1995; Morel et al. 1998; Schultz et al. 2000; Shi and Martin 2000b) , they were typically limited to the analyses of a single or very few specimens per donor and, therefore, did not address stability and persistence over time. Our study is the first major effort to identify men who have persistent elevations in sperm aneuploidy.
The causes underlying the stable elevations in sperm aneuploidy and diploidy are uncertain. The young men were all about the same age, lived in the same locality in the Czech Republic, and had similar lifestyles with no obvious reasons for variation. Examination of the detailed questionnaire data for each donor did not identify simple explanations for the elevated frequencies among stable variants. Data were examined for relationships between semen quality and sperm aneuploidy, because prior studies had found associations between poor semen quality and increased frequencies of sperm aneuploidies (Colombero et al. 1999; Pfeffer et al. 1999; Vegetti et al. 2000) . However, our donors were normospermic, according to WHO criteria (WHO 1992 (WHO , 1999 , and in general, semen-quality measures were not correlated with sperm aneuploidies, diploidies, or subgroupings of these. The exception was a significant association between disomy 8 and sperm concentration (as well as total sperm count per sample); further studies will be needed to determine whether this finding was spurious or can be replicated among other healthy men.
The significant associations found between aneuploidy in sperm and lymphocytes appeared limited to sexchromosome aneuploidies and were not detected for chromosome 8. These findings are consistent with those of Gazvani et al. (2000a) , who reported increased somatic aneuploidy among infertile oligospermic men and found a correlation between sex-chromosome aneuploidies in peripheral lymphocytes and spermatozoa in a group of fertile and infertile men, on the basis of single semen and blood analyses (Gazvani et al. 2000b ). These authors also observed a correlation between disomy 21 in sperm and trisomy 21 in lymphocytes. Taken together, these studies suggest that common mechanisms may lead to increased frequencies of somatic and germinal aneuploidies in certain normal and infertile men and that chromosomes may be differentially affected. Several mechanisms can be considered:
First, there may be constitutive biochemical mechanism(s) that increase the risk of segregation errors of certain chromosomes affecting the fidelity of both mitotic and meiotic segregation. Gazvani et al. (2000b) hypothesized that mitotic instability might lead to aneuploidy in somatic and germinal cells undergoing mitotic division, including type A and B spermatogonia, and thereby could increase the incidence of aneuploidy in spermatozoa. Evidence is accruing that cells containing extra sex chromosomes are capable of undergoing meiotic divisions (Lim et al. 1999a (Lim et al. , 1999b Bielanska et al. 2000; Morel et al. 2000; Rives et al. 2000; Shi and Martin 2000a; Wang et al. 2000) .
Second, variant individuals may carry mutations or genetic variants (i.e., polymorphisms) for genes that control common aspects of mitotic and meiotic chromosomal segregation or in cell-cycle checkpoints affecting mitotic or meiotic chromosomal stability. The existence of such dysmorphic individuals who have severe cases of aneuploidy in their lymphocytes has been described (Tolmie et al. 1988; Papi et al. 1989; Nash et al. 1997; Gazvani et al. 2000a) .
Third, variants of sperm aneuploidy may be chronically exposed to toxicants that increase the frequencies of sexchromosome aneuploidies in both somatic and germinal cells. Rubes et al. (1998) showed that smoking lifestyle showed significant increases only in disomy Y, suggesting chromosome-limited effects of certain chemical exposures. Sperm studies of men who received cancer chemotherapeutic agents suggest that the aneugenic effects of these drugs seem to be democratic across all chromosomes tested (e.g., Robbins et al. 1997a) .
Fourth, variants of sperm aneuploidy may be individuals who have increased somatic and germinal susceptibility to some common exposure(s) that do not affect the majority of the population. Further studies will be needed to identify prevalence, underlying genes and pathways, and possible exposures responsible for the higher frequencies of somatic and germinal aneuploidy in the variants of sperm aneuploidy.
A constitutive elevation in the frequency of aneuploid somatic cells of the stable sperm-aneuploidy variants may have important implications for their risk of somatic diseases that involve aneuploidy. Increased age has been shown to lead to increased sex-chromosome loss in lymphocytes (Galloway and Buckton 1978; Catalan et al. 1995) . Sex-chromosome aneuploidy has been associated with oligospermia (Gazvani et al. 2000a ) and with premature ovarian failure (Devi et al. 1998 ). Sex-chromosome aneuploidies have also been observed in several cancers, associated with genomic instability in tumor cells, and several tumor-suppressor genes have been linked to the X chromosomes (Amalfitano et al. 2000; Dasari et al. 2001; Yamaki et al. 2001) . Aneuploidy is a common finding in human patients with cancer and, according to the aneuploidy-cancer hypothesis, is regarded as the causative factor of cancer (Duesberg et al. 1999; Duesberg and Rasnick 2000; Sen 2000) . There is little information of whether cancer patients have inherently higher frequencies of aneuploid cells. Most of the studies of frequency of aneuploidies in sperm of cancer patients have been performed after chemotherapy or radiation therapy. Recently, Fait et al. (2001) reported increased frequency of sex-chromosome disomies, in sperm of patients with Hodgkin disease, before their therapy. This was consistent with earlier findings of elevated disomy 8 in patients, with Hodgkin disease, before treatment (Robbins et al. 1997a) . A larger study will be needed that includes probes for multiple autosomes to determine whether different autosomes are affected differently in sperm, lymphocytes, and other somatic tissue.
It is also of critical concern whether stable sperm-aneuploidy variants are at increased risk of fathering aneuploid pregnancies. Several sperm studies have been conducted in fathers of children with aneuploidy syndromes of proven paternal origin. An analysis of four fathers of daughters with Turner syndrome has shown an increase in the incidence of XY sperm in all the four subjects (Martínez-Pasarell et al. 1999 ). These authors suggested that the four men had an increased frequency of nondisjunctional errors in MI, resulting in the production of increased proportions of XY sperm and sperm lacking a sex chromosome. An increase in frequencies of disomy 13, 21, and 22 was detected in semen of two fathers who had children with Down syndrome (Blanco et al. 1998; Soares at al. 2001) . One of these fathers also had an increased frequency of XY sperm. A recent study of sperm aneuploidy in the fathers of boys with Klinefelter syndrome (Eskenazi et al. 2002) showed that the fathers who contribute the extra X chromosome to their sons with Klinefelter syndrome also produced significantly higher frequencies of XY sperm. In general, these data are consistent with the hypothesis that offspring with paternally transmitted aneuploidies can result from three possible categories of fathers: (a) fathers who produced the rare aneuploid sperm that make up the low baseline frequencies among male humans; (b) fathers who have been exposed to aneugenic agents that act in the short term, such as those exposed to certain cancer-chemotherapeutic agents; or (c) fathers who consistently produce unusually high frequencies of aneuploid sperm, such as the stable aneuploidy variants described in this study.
Our findings suggest that there are normospermic men who produce significantly elevated frequencies of aneuploid sperm and lymphocytes. Our small study of 15 men identified at least three variant men, providing a crude estimate of 20% variants. A better estimate is needed of the prevalence of variants for designing epidemiology studies to identify potential paternal risk factors for sperm aneuploidy (genetics, age, diet, drug consumption, occupational exposures, environmental exposures, etc.) . Further studies are also needed of the somatic and reproductive health risks faced by constitutive aneuploidy variants.
